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BENDING OF RECTANGULAR PIATES WITH LARGE

By b4’G’EL Lwn

SUMMARY

The aolutim of cm Kdrmdn’s fundammtd equations
for .bge dejatiom Of ‘#dW is pwmfed for the case qj a
simply aupporied rectangular plaie und-er combined edge
compression and lateral loading. Numerical ~ohdiarw
are ~“umfor quare plates and for reotan-gukwpla&8 with
a width-span ratio of 3:1. The efectice widths undin
edge cotnprtwion are compared with effedim uiG!IiM
wording to mm Wrmdn, Bengston, Miwguerre, and Cox
and with eirperirnen-tdredi% by i?amberg, ~@ht?r80n,
and Levy. The dejlectiom for a quare pkde under
lateraL premm are compared m“th experimental and
theoreticalnwu.h by Kaiwr. It is found thai the e~ectiae
widths agra closelym“tibMq7uerre’8 formula and &
the experimentally obserredtxduea and that the deww
agreewith tlw experimental result8 and with Ki-&w#swk.

INTRODUCTION

In the design of thin plates that bend under Mad
and edge Ioading, formuka based on the Kirohhoff
theory, which neglects stretching snd shearing in the
middIe surface, are quite satisfactmy provided that the
deflections are small compared with the thickness. If
deflections are of the same order as. the thiclmss, the
Kirchhoff theory may yield results that are oonsid-
ably in error and a more rigorous theory that takes
amount of deformations in the middle surface shoukl
therefore be applied: The fundamental equations for
the more exact theory have been derived by von Kfmnti
(reference 1); a number of approximate solutions (refer-
ences 2 to 7) have been developed for the case of a
rectrqular pIate. This paper present9 a solution of
von K6rm6n’s equations in terms of trigonometric
series
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Phillip Kmpen, and Mr. Samuel QTeenman.

DEFLECTIONS

FUNDAMENTALEQUATIONS

SYMBOLS

An initidy flat reotanguk pIate of uniform thiek-
neas will be considered. The symbols have tie folIow-
ing 13ign&mw
a pIate Iength in z-direction.
b phe kmgth in y-direetion.
h pht~ thiCkllW3.

pz normal pressure.
w vertical disphcement of points of middle surface.
E Young’s nloduhls.
p Poisson’s ratio.
z, y coordinate axes with origin at emmerof plate.

D= ‘a~2(1_N1, ffexumd rigidi~ of the plate.

F stress function.
Subscripts k, m, n, p, G r, 8, and t represent integers.
Tensile loads, stresses, and strains will be given as

positive values and impressive Ioads, stresses, and
strains will be d@yWed by a negative sign.

EQUATIONS FOB THE DEFORMATION OF = PLATES

The fundamental equations governing the deforma-
tion of thin plates were deveIoped by von Khmhn in
referenoe L They are given by Timoshenko (refer
ence 4, pp. 322-323) in essentidy the following form:

where the median-fiber stresses are

end the median-fiber strains are

“==+G-J%$)

I‘,=x%+$)

fz,w=- 2(1+P) ?YF
E ax?ly

(3)

(4)
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The extrenmfiber bending and shearing stresses are

U“z= —
( )2(1%) %+~s

Eh
(

&w ZYw
u~v= - 2(1 –/J’) m+%? ) ‘

(5)

Eh VW—.— -.. ...
‘s’”- 2(1 +/4) Wq/ ,,

GENERAL SOLUTION POE SIMPLY SUPPORTED RECTANGULAR
PLATE

A solution of equations (1) and (2) for a simply sup-
ported rectangdar plate must satisfy the following

“ boundary conditions. The deflection w and the edge
bending moment per unit Iengtl_are zero .at the edge&
of the plate,

( )%=–D $+p@ =0, when x=O, x=a

+ ~~=-4s+’s)=ow’~~=oJ~=’

These conditions are satisfied by the Fourier series

* m

‘w=z~
m-l, zs... n-l, a...

The normal pressure may
series

(6)

be expressed as a Fourier

. m

p,= m p,,, sin r ~ si’n8 + (7)

?= L!48.,. s- L!L8...

By substitution equation (1) is found to be satisfied if

where ~=, ~~ are constants equal to the average mem-
brane pressurein the z- and the @irection (see equation
(3)) and where

b,,,=

‘ ‘(~$%),(B,+B,+23,+B4+B, +B8+B,+B, +BJ

md

if q#O and p#O

B,=o, if q=O or p=O

+ g[kt(k+*)(*-t)+w(*-t)qwk,tw@+,,,(,-t,
‘ if g#O

B,=o, if q=O

+ (k+p)*(!l-021 w(k+,),t%(vo

if q#O and p#O

B8=0, ”if Q=O orp=O

if p#O
B4=0, ifp=O

Bs=~;-i,[k(t + g)(p-k) t+k*t%ul,(;~~jwo-m,1

if q#O rtndp#O

Bfi=o, if q=O orp=O

if q#O
B,=(3, if q=O

B,=~S[k(t+O(k+p)t-k’t21Wt,,w,IW,i,,),,
-1 t-l

ifq#Oorp#O

B7=0, if q=O and p.=0

B,=~l~/(k+p)tk(~+,) -(k+p)'(t+g)'lw,,+,),,wt,,t+,,

if q#O and p#O

Bn=o, if g=O orp=O

if p#o
B*=o, if p=O

lIquation (2) is satisfied if

-~~[t(k+r)-k(f+8)l’b,,,w(,+,),,,+,)
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+)k+ t(lc+r)]%(k+,),(.-.‘)W&l (9)

SPECIFICSOLUTIONFOE SQUAEEPLA’I!EWITH
SYMMETRICALNORMALPRESSURE @= O.316)

Equation (9) represents a doubly infhiite family of
equations. In each of the equations of the family the
caticients 6P,mmay be repIaced by their values es
givrm by equation (8). The resulting equations will
involve the lmown normal pres9ure coeflicienti p,~, the
cubes of the deflection coefficients w~,x, and the
kn~wn average mer.nbraqepressures in the z- and they-

.directions F, andlf,, r=pectivdy. me n~b~ of ~~e
equations is equal to the number of u&own deflection
coefllcienb Wna.

In the solution of the following problems, the first
six equations of the family of equation (9) that do not
reduce b the indeterminate form 0=0 wiU be used ta
salve for the first six deflection coficients wi,~ tul,s,

%11 %1 %s~ ‘d %1” The rest of the deflection
coticients wiU be assumed to be zero. This resum-
ptionof a bite number of coefficients introduces en
error inta the solution. In each problem the magnitude
of this error will be checked by comparing results as the
number of equations used in the solution is increswd
from one to six.

The reaultmt load must be constant in the direc-
tion and in the gwlirection and the boundaries of the
plate must remain straight. The first condition follows
directly from the substitution of equations (3) and (8)
in the following qressions for the total load:

The second condition was checked by the substitution
of equations (4), (6), and (8) in the following equations:

Displacement of edges in x-direction

‘r[’’*-K=)7&

PLATES WIT.Ef LARGE DEFLECTIONS 141

Displacement of edgee in @irection

‘JT’+GW

?m=l a-l

Equations (10) to (12) are independent of z and y,
thus showing that the conditions of constant Ioad and
xmstant edge displacement are satisfiedby equations (6)
md (8).

The stresscoefficients b,,, obtained from equation (8)
Eora square plate a=lJ me given in table 1. Po&on’s
ratio was chosen as p=~~ = 0.316 for conveni&ce of - -”-
computation and because it is characteristic of alumi-
num Slloys. Substitution of these stress coeflkients in
equation (9) gives the equations in table 2 relating the
pressure coef%cients p..,, the average membrane pr=-
sureain the Z- ~d the @irectioIM P= &d ~r, ~d the
deflection coefhients w~=. As an example of the use
~f table 2, the first few terms in the first equation are

‘%1 E4z %11 zg%hsl .._]= –&4+o.37~ ~~z h

+o.125(*)–o.1875 @y*– . . . (13)

It will be noted that the equations in table 2 are
cubks and therefore their SCJution gives three values
[or each of the deflection coefficients w.,’. Some of
these values correspond to stable equilibrium, whiIe the
remainii values are either imagiqary or correspond to
un$able equilibrium. Fortunately, if the equations in “-~ -
table 1 are solved by a method of successive approxima-
tion, the succwive approximations will converge on a
solution corresponding to stable equilibrium.

EDGE COMPRESSION IN ONE DIEECI’ION. SQUARE PLATE

The following resuh apply to square plates loaded
by edge compression in the xdwection as shown in
figure 1.

IY



14.2

nom 2.-valuend

REPORT NO. 737—NATIONALADVISORYCOMMI~E FOR AERONAU’HCS
r

l-’
Y

a—
4

‘i Wlsl

3

%1,. h
-7i-

2 /

f

/
~J,a

U, 1 ~ / ‘ Wl,a,

( ~~.

~1*3

‘ : ~ – –i

h. ‘.
x

x: ~,,,
.*T

o 4 8 /6 20 24
~=&Eh z

coeflidentaIn tnbIe 8 for defktkm frmetfon w-~ ~.,. efn ~fishr~’ for a eqmu’t plate under edge comprmeion.

p. a~Eh’
A (/AW.W)A (WiU)n?$dtm)
g ~ $m!bi):ylprn

~ (8J.nm.q B(Oompre.wion
Q,(d ,WE41)B(trmlon)
F (i m#/mD (eomwfsslm)

~; (~ @/E#)D(@I18b@ ~ (dsO/Eh~.(amrpremlm
FIOUPX&-Membrane r.kessmfor a ~uara plate and-y edge mmprmsfon. Aremge

eommeswve streeemAuectIon-fwP-O.81S.
The norrmd pressurep, and the edge compression in

the ydirection ~~ am zero. The method of obtaining
a solution of the equations in table 2 for this case con-

Bists in assumingvalues of ~ and determining by

successive approximation from their respective equa-

Average eomprmlw

Iii..P=o.ws.

Fmm 4.-Bendhrg etmssw at the wnk rmd the erwnrr Lxs wyrt Mr urwk
e.ige oompreselon. AverammmpremiveutressIn zdlrection -pi P-0,316

and”1 These calculationshavebeen mudefor 16values~.-

of Wl,l .~ increasing by increments of 0.25 from O to 4.00;

the results are given in table 3 and figure 2.
The membrano stress coefficients vrerc computed

from table 1 and table 3 with the results given in tablo
4. The membrane stresses for the corner of the plate,
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the cmters of the edges, and the center of the plate were
then computed from equation (3) and equation (8)
with the results given in figure 3. At the maximum
load computed, the membrane stress at the corner is
ahnost three times the average compressive stress~z.

Poisson’s ratio Y is assumed to be 0.316. The edge
compressions in the direction ~Ah and in the In-
direction ~fih me zero. The uniform normal premure
is p. The expansion of this pressure in a Fourier
serieeas shown in equation (7) gives pressurecoefficients ._ _ _

FIGIJEX6.—EffectfmwIdth curve h a simply ~PPd3d square PMII ur(der WISE03mpmsikw s-O.SI&

The &mme-fiber bending and sheming str-es for
the center and the corners of the plate were computed
from equations (5), equation (6), and tabIe 3 with the
results given in @me 4. At the maximum load
computed, the bending produces a mmimum extrtwe-
fiber strws at the corners of the plate. This stress is
direoted at 45° to the x and they sxes and has a value
of about I?4 times the average median-fiber compres-
sive stress ~=.

The ratio of the effective width to the ititid width
(d&ned m the ratio of the actual load carried by the
plate to the load the pIate wouId have carried if the
strw had been dorm and equal to the ~oung’s
modulus times the average edge strain} wa9 computed
from equation (11) and table 3 with the results given
in figure 5. At the maximum ~oad oomputed, the
average edge strain is Ill.5 time9 the mitiad strain and
the ratio of the effective width to the initial width is
0.434.

As a measure of the error redting km the use of
only six of the equations in the foregoing solution, the
results obtained by using one, threa, four, and siz of the
equations of the family of equation. (9) are given in
table 5. The convergence is rapid md the same result
is obtained with four ~U.diOIISas with& eqLlldiOnS.

tSNIFOBRfNO~ PEmSUEESQUAREPLATJLED=
COMPEESSION ZERO

The following results apply to squme plates loaded
by a uniform normal prww.re as shown in @me 6.

..-——

---———

.-

. . . . .
.- .

14S
()pr,s=~ ; p. The method of obteining a schtion .,

of the equations in table 2 for this case consists in

.-

..

FEOUM &-Sqmre date Imded by s uniform normil prtsmre P. Edcc+comJws-
Sion-o.
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right vahws of ~ increasing by increments of 0.60

from O to 4.00 with the results given in table tl and
figure 7.

5

K.’n=l I I I I-
I I I

pa~Eh’

FKGUUX 7.—VSIUCSd Co&iclente 10 tile 6 for deslectkmfuncrlon w=% ~u.,.

Sln ‘Tfis!+ for a sqnm plate * uniform nonnsl presmra P. E@ mm.

presslon-O; P.=0.816. Llnesr tbmry from refemnee9.
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FIGURE S.–Membrane etmaes fors equam plate under umifdm normal wsem’e P.
Edge compreaefon=O;P. O.?.16.

The membrane streEs coeflicienta have been com-
puted from table 1 and table 6 with the results given in
table 7. The membrane stresses have been computed
from table 7, equations (8), and equation (8) for the
corner of the plate, the centers of the edgea, and the
center of the plata with the rwults given in ftgure 8.
The compressive membrane stress at the corner of the

plateis seen to exceed consistently the tmsile membrane
3tress at the center,

FIGma 9.-Extreme-fiber bsndlng sti at the centswand the mrner for a ermare
pht.e nuder rmlform norsnnl fnwaure. Edge eomprtaakm-O; p-O.Wl Llnrsr
thorny from referanca9.

The extreme-fiber bending stresses have bwm com-
puted frgm equations (5), equation (6), and table 6 for
the center and the corners of the plate with tho rcwdta
given in figure 9. Comparison of ilgures 8 and 9 shows
that the ratio of membrane stresses to extreme-fiber
bending or shearing stresses increases rapidly with
increasing pressure. The two typ~ of stresses are of

the same order of magnitude at ~,=400.

h a measure of the rapidity of convergence, the
remdta obtained by solving with one, three, and six
equations of the family of equation (9) are given in
table 8, The convergence of the vrdue of the pressure
is rapid and monotonic. In the ca9e of the center
deflection, the convergence, however, is oscillatory.
For small preswres the amplitude of oscillation rapidly
decreases (reference 4, p. 316). For Iargcr pressures
the decrease in amplitude of oscillation is km rapid, as
is indicakd by table 8 (b), but an mtimak’ of the asymp-
totic value may be obtained by noting that this vduc,
if it exists, must lie between the value at any particular
maximum (minimum) and the average of that m&xi-
mum (minimum) with the preceding minimum (mnxi-
mum). Siice the next four equations in the swim,

WI,7W71W4S
‘“ *will cause a dccrcasc ingwing ~ ~, ~jandx

2.704 (the average of 2.666 and 2.743.] and 2.743 when

.pa4, it nlay ba nccess-pa4 247. At higher values of ~~~-

sary to use the first ten equations of tlm family of equa-
tion (9) b get a solution accurate to within 1 percent
for cmter defkotion.
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UNIPOB?d NORMAL PESSSUBB, SQUAFIE PLATE, EDGE
DISPLACEMENT ZERO

The following -results apply t. square plates loaded
by a uniform norrmd pressure as shown in figure 10.

->. ah

FIGUBB10.=Square PIIIICloaded bys uniform normel pressurepand by edge forma

‘PA ~d ‘PA *tent to tieke thr edge dlspbacement~n

Poisson’s ratio p is assumed to be 0.316. The mwrage
edge tensions in the x- and ydireotions —~= and —~v
are obtained from equations (11) and ~(12) by setting
the edge displacement equal to zero.

The average tensions —~, and —F, are then substi-

tuted in the equations of table 2, a value of ~ is

assumed, and the corresponding -raluesof

are determined by successive approximation from their
respective equations. These calculations have been

made for four v&s of ~ rncreaaingby increments of

0.50 from Oto 2.00 with the results given in table 9 md
figure 11.

The membrane stress ooeflicients have been com-
puted from table 1 and table 9 with the results given in
table 10. The membrane stresseshave been computed
from table 10, equations (3), and uation (8) for the

%corner of the plate, the centers of .e edges, and the
center of the plate; the results are gmm m figure 12.
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The tensile membrane stress at the center of the edge
is seen to be slightly greater than the tensile membrane
stress at the center.

The extreme-fiber bending strewea have been com-
puted from equations (5), equation (6), and table 9 for
the center and the corners of the plate with the results
given in figure 13. Comparison of figures 12 and 13
indicates that bending and membrane stresses at the
center of the plate are approximately the same at the
maximum loads considered.

~, (a’’kaw%~ih(u’lawhplJ .-.s (Q@ww!&t<*#&q!
~ (c’AW% (asWEW B ~ (@aWWc. (~#iW a

FIGUES18.-Extreme-lWr bdlng WWSI?Sat the eentar end tt& corm for a eqnare
plete under tmlfmm ncmnd ptwsum Edge diaplecement-e P=O.816. Llnew
theory horn refer+nm9.

As a measure of the rapidity of convergence, there-
sults obtained by using one, three, and six equations of
the family of equation (9) are given in table 11. The
converg&ce of ‘the valu-e”of th~ pressure is both rapid
and monotonic. In the case of the center deflection,
the convergence is oscillatory. For small pressureai
this oscillation decreaaed rapidly (reference 4, p. 316).
For hwger pressures the decreaw in amplitude of oscil-
lation is less rapid, as is indicated by table 11 (b), but
m estimate of the asvnmtotic value mav be obtained
by noting that this v~lu~, if it exists, .mt&tlie between
the value at anv mrticular maximum (minimum) and
the avenwe of” &at maximum kninhimm) witi the
preceding “tinimum (maximum}.’ Site th; next four

1.827 (average of 1.807 and 1.846) and 1.846 when
4“–

5!%4=278.5. At higher valuea of ~~ it may be mxea-

sary to use the first ten equationa of the family of equa-
tion (9) to get a scdution acwrate ta within 1 percent
for center deflection.

COMEINED UNIFOI!M LATEQAL PRESSURE AND EDGE
COMPRESSION IN ONE Detection, SQUARE PLATE

The following resulti apply to square plates with
simply supported edges loaded by a uniform normal
pressure p and by edge compression in the xdirection
as shown in figure 1.

Poisson’s ratio p is again assumed to be 0.316, The
edge compression in the y-direction ~~h is zero. The
method of obtaining a solution of tha equations in

table 2 for this case consists in asmnning values of ~

and ‘~ and determining by successive approximations

fromtheirrespective equations thecmmspondingvalues of

have been made for two values of $$2,26 and 29.5

and for five valuea of ~~ and hence of ~, ccrro-

sponding to each “value of %4; the reaulta are given in

table 12.
The ratio of effective width to initial width has been

compu~d from equation (11) and table 12 with tho
results given in the last two columns of table 12 and in
figure 14. The reduction in eflective width of square
plates dye ta the addition of lateral load is seen to be

@appreoiable for ~>2.26.

Averqe ed&W strain

7===s-”

,

FrowaI14.-Et%ctofnmmel pmsanreon eIlectIra titb O(a smwe plateloadedb~
adr compremkm.

As a meaaure of the convergence, the remdk obtained
by using one, three, four, and six of the equations in
table 2 are given in table 13. The convergence is rapid
and monotonic.
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SPECIFIC SOLUTION FOE A RECTANGULARPLATE
(a=3b) WITHNORMALPRESSURESYMMETRICALTO
AXES OF PLATE

The first two equations of the family of equation (9)
for the case of a rectanguhu plate whose length is three
times its width (a=3b) are, for P= O.316.

. .

In the previous schtions a cIose approximation was
w~*~~~

obtained with one equation as long as —~ <I. For

this reason in the following problem only the first two
equations, asgiven by equation, will be used and the

deflections w-W be Iimited to v~ues of ‘~<1. It

should be notd that the two equations of (14) wilI be
adequate only m long as the norrd pressure can be
described by the first two terms of equation (7):

For more complicated preemre d~tributions as well as

for ‘&>l, m~re equations of the family of equation

(9) shotid be used.
The fo~owing resuk apply to rectangular pIates

(a=3il) Ioaded by a uniform lateral pressure p and by
edge compression acting on the shorter edges as shown
in figure 15.

Ymun 16.-CombIned normal ~ and et%wmmpmekm for a metmgdm
plate (C-M}.

Poisson’s ratio P is taken as 0.316. The edge com-
pression in the @irection ~@ is zero. The coe.fii-
cients pr,c in the Fourier series for the pressure as

()
given in equation (7) equal ~ ~ a p. The method of

obtaining a solution of equations (14) for this csze con-

sists of assuming vah= of ~Aand ‘~ md determhiq

by successive approximation from their respective

equations the corresponding vahIe8 of y and pg.

pb’
These calculations have been made for 13 values of ~

md’~ with the results given in table 14. T~e ratio

Bf effective width to initial width was computed from
equation (11) and tabIe 14, with the results givan in
the Is& two cohmms of table 14 and in figure 16.

Average edge si’rab
[CWical strati],.,

.

FmUBE 16.-Zffect M ncmmd measure on eflwtivm width M a rdaugnk Plate
(a=Z@ Ioaded by edge compresdonon the dmtekiee.

The reduction in aflective width of rectanguk plates
(a=3@ due to the addition of Iateral load is seen to
be 1sss than in the case of square plates (@. 14).

COMPARISONWITHAPPRO~lATE FORMULAS
EFFEOTWE WIDTH

Approx@ate fornmk for eflective width have been
derived in referencm, 2,3, 6, and 7.

-., .

Marguerre (refe.nmce 2) ~reses the deflection for
a square plate by a series sipdar to equation (6). He
limits himself, however, to wI,I, %,,, and W4 and in

his numericaI work requires that U2= –~ WJ and that

~=0. His stress function em-responds to the first
@ms of equation (8). He, usee the energy principle to
determine the values of w,,, and m,, instaad of the
differential equation given as equation (2) in the present
work. Marguerre’s approximate solution is given as
curve c in figure 17. It is evident that, even though
Marguerre has limited the number of his arbitrary
parameters to two and has taken P=O, his results are 1
in exceIIent agreement with the rwdts obtained in the
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present paper. hhrguerre’s approximate formula b,/b
=a~. is given as curve b, This curve checks within
about 7 percent with the exac~ results.

Bengston (reference 3) assumesa sinusoidal deflection
equivalent ta the first term in equation (6) in his solu-
tion for a square plate. He then chooses his displace-
ments so that the strain at the supported edges is uni-
form but, in order to do so, he violates equation (1),
.

The well-known fonnuh of von KdrmAn (see refer-
ence 7) b,jb= ~~ is plotted as curve a in figure 17, “
It is in good agreement with the effective widths ob-
tained in this paper for small values of Ihe ratio @C,
but is about. 20 percent.low for c/e,,=4.

Cox (reference 6) in his solution for the simply sup-
ported square plati uses energy methods together with
the approximation that the strain is uniform along tho

0 z 4 6 8 /0 //? /4
Average edge sfrain (

Cri+ical sfrain * 7*
FIouRe 17.—EEactlve-wldthaurwa fer a elmply auppxted sqnamPlak amorrllngto dlffwcnt aourc%s, .

Curve Sour@

c1 d
b, $-.

refarence ?, ,.
e

b &-
b, s 6,,

mwt~m formula of rdr’rmm z ~-

0 approximateeolutionof raferencoA

d aolutfonef referfmm9.

e
@J-

%
formulaof reference6, +-0,U&p3. ,

Exaot derived from prment paw.

Owing, to the method of choosing the displacements,
however, the resulting errors should be smrJ1. The
energy principle is then used to obtain the solut.ion.
In order to take account ,of secondary buckling, it is
assumed that buckling of H and ~ the original wave
length will occur independently and that the resulting
effective width will be the product of each of the separate
effmtive widths. Finally, an envelope curve to the
effective widths thus constructed is drawn. This curve
is given as curve d in figure 17.. It differs leas than 7
percent from the eflective widths obtained in thk paper.
The fact that Bengston’s values ,ye lowqindicates that
the increased strength which should result from the con-
ditions of uniform strain at the edges is lost due to the
approximate method of taking account of secondary
buckling,

*-,-. .

*

entire length of narrow element of tho panel, Tho
effective-width curve thus obtained is plotted in figure
17 as curve e. It gives effective widths 10 to 20 percent
below those obtained in this paper.

DEFLECTION UNDER LATERAL PRE9SURE

Navier’s solution for the simply support~d square
plate with small deflections (linear theory), givrn in
reference 9, is included in figures 7, 9, 11, and 13. It
is seen that for small deflections the aolutiou given in
this paper is in agreement with Navier’s linear theory

Kaiser (reference 6) tivertid von IGm_An’s differ-
ential equations into ditlerence equationa and calcu-
lated deflections and stresses for a square plate under
constant pressure assuming s“h-nplesupport at the edges

with zero membrane stress. He obtained ?-=
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2.47 for ~=1 18.8. This center deflection is about

25 percent higher than the curve in figure 7; this differ-
ence is probably due to the fact that Kaiser allows di~
tortion of the edgea of the plate. The ,membrme
stresses calculated by Kaiser are about one-fifth as
Iarge as those given in the present paper. This fact,
as welI as a comparison of figures 8 and 12, indicates the
large influence of edge conditions on the membrane
stresses.

CO!HPARISON WITH EXPERIMENTALRESULTS

EFFECTIVE WIDTH

Extensive experiments cm two aluminum-alloy sheet-
tringer panels 16 inches wide, 19 inches long, and 0.070

.

FICLTLEl&-C’nm_

specimen the agreement is excellent up to stresses
for which yielding due to the combined bending and -”
membrane stresses was probably taking place. In the
case of the 0.025-inch aluminum-alloy specimen the
observed effective width e-xcecdedthe calculated values
for 4%,<7 but the agreement was excellent for 4%,>7,
which appeared to be large enough to reduce the effect .
of the torsional stillness of the stringers as a factor in
the edge conditions.

DEFLECTION UNDER LATERAL PRESSURE

~aiser (reference 5) has conducted a carefully con-
trolled experiment on one simply supported plate. In
this wrperiment, as in Kaiser’s theoretical work, tho
edge conditions are such that the membrane stresses at _____

Ill
a I I 1 I I I

L Test m (20 70-imh 24 S-T ukfd ~cmmizbw:aky @it?/.
Sfri~s qqwoximafed simple sL@w7f

o Te.si on 0.025-i7ch 24S- T ulumi~-d.. ~.

.8 S+ikfgers grvv&@d restruk+ ugu.%sf ~fti.,

\ - . . V&@ sfress exceeds 25,0@ I&/sq A7-

●1.a.a 4\ ~ !1 ) 1 t i i

4 ‘6 8 [0 !2 /4—
Average edge sfruii’ E

Crificui sfrain ‘z

M compated aTectlve wklth bud @mental resdts from reference& The mltfed etratnfs theoomrfuted cTItksl strdn fc+slmplgsupported
square pities..

and 0.025 inch in thickness are reported in reference 8.
The sheet of the 0.070-inch paneI was 245-T aIcIad
ahuninum-alIoy and the 0.025-inch paneI was 245-T
ahuninum-doy sheet. The paneIs were reinforced by
stringem (O.13 sq in. in area) spaced 4 inches on centers.
Deffecticm curves measured at the time of the experi-
ments indicated that in the panel having 0.025-inch
sheet the torsionaI stillness of the strhgers was Iarge
enough compared with the stiflneae of the sheet to
provide appreciable restraint against rotation at the
edges; in the case of the 0.070-inch alclad dminum-
alloy panel the styingere apprmirnated a condition of
simpIe support.

The effective widths resulting from these experiments
are plotted in figure 18 using for G, the buckling strain
of a simpIy supported square-plate. It is evident that
in the case of the 0.070-inch dclad alurninum-aIIoy

. . . ..
. .
. ..-.

.. .

.—
.“

.-> ..-

. . . .,,. . ..-—

,.-

..—.. .. . .

.: ,-’

. —... ..
...-—.—,.. .

-..

the edge are zero. The initial deflections obtained by
Kaiser me in agreement with the results in this paper.
At large deflections, however, the fact that the mem-
brane stress at the edge of the plati was zero in the
experiment causes the measurd deffections to exceed
by appreciable amounts the deflections calculated in
this paper.

NATIONAL BUREAU OF SILWDARDS,
WASHINGTON, D. C., May 27, 1941.
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TABLE 1.—EQUATIONS FOR THE STRESS COEFFICIENTS IN ITQUATION (8) FOR A SQUARE PLATE (a= b)

—

“20’8=+%) %7’”=%w$)

E@ ‘ ‘3-’RH+4’(%%)+’6’(%’?)1‘611’b6 4

E@’=-%l%w134n3b4 8 6&?b8 ,4

Eh2 “-zR??)
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TABLE 2.-COEFFICIENTS FOR SQUAIUZ PLATE IN THE FIRST SIX EQUATIONS OF THE FAMILY OF EQUATION (9)
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TABLE 2.—Continued
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TABIJ3 2.—COEFFICIENTS FOR SQTJARE PLATE IN THE FIRST SIX EQUATIONS OF THE FAMILY OF

153

EQUATION (9)—ConoIuded .
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TABLE 4.—VALUES OF COEFFICIENTS IN STRESS FUNOTION OF EQUATION (8) FOR SQUARE PLATE
UNDER EDGE COMPRESSION
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TABLE 3.—VALUES OF COEFFICIENTS IN DEFLECTION ] ABLE 7.—VALUES OF COEFFICIENTS IN STRESS
FUNOTION OF EQUATION (6) FOR SQUARE PIATE FUNCl?ION. EQUATION [81. FOR SCIUARE PLATE
UNDER EDGE CO-~RESSION UNDER UtiIFOitM NORMAL PRESStiE p
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TABLE 5.-CONVERGENCE OF SOLUTION FOR EFFEC-
TIVE WIDTH OF A SQUARE PLATE UNDER EDGE
COMPRESSION AS THE NUMBER OF EQUATIONS
OF THE FAMILY OF EQUATION (9) USED IN THE
SOLUTION IS INCREASED ‘ABLE 8.—CONVERGENCE OF SOLUTION FOR md/Eh4

AN’D w mn~,,/h OF A SQUARE PLATE UNDER’ til-
FORM NORMAL PRESSURE AS THE NU.MBER OF -—..
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TABLE 6.—VALUES OF COEFFICIENTS IN DEFItEOTION
FUNCTION, EQUATION (6), FOR SQUARE PLATE
UNDER UNIFORM NORMALPRESSURE P
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TABLE,9.-VALUES OF COEFFI~ENTS IN DEFLECTION
FUNCTION, EQUATION (6), FOR SQUARE PLATE
UNDER UNIFORM NORMAL PRESSURE p
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TABLE 1O.—VALUES OF COEFFICIENTS .IN - STRESS
FUNOTION, EQUATION (8), FOR SQUARE PLATE
UNDER UNIFORM NORMAL PRESSUREP
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I?ABLE 11.—CONVERGENCE OF SOLUTIONS FOR
pa+/Eh+ AND Wc,x,.,/h OF SQUARE PLATE UNDER
UNIFORM NORMAL PRESSURE AS THE NUMBER
OF EQUATIONS OF THE FAMILY OF EQUATION (9)
USED IN THE SOLUTION IS INCREASED
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TABLE 12.—COMBINED UNIFORM NORMAL PRESSURE AND EDGE COMPRESSION IN ONE DIRECTION FOR
A SQUARE PLATE
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TABLE13.—CONVERGENCE OF SOLUTION FOR EFFEG
TIVE WIDTH OF A SQUARE PLATE UNDER COM-
BINED UNIFORM LATERAL PRESSURE AND EDGE

~ COMPRESSION AS THE lNUMBER OF EQUATIONS OF
THE FAMILY OF EQUATTON (9) USED IN THE
SOLUTION IS INCREk3ED

&O..3lq

)
ERedive width

‘4 Iuftbd wfdth ““‘+

Umrtioy

.Om

.9i4

.s3

:%

Euecth Wfdth
‘) Inmnl Width “’%-J

LOO .05s .Om
LW

.Om
.4M

.mo
.4ii .m

Lm .W3
.479

.623
Lm

.520
.551

!LMl
.ml

.656
:%

:% .585 .635

TABLE 14.—COMBINED UNIFORM LATERAL PRESSURE
p AND EDGE COMPRESSION IN THE DIRECTION
OF THE *AXIS ;~h FOR RECTANGULAR PLATE9 ,---
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